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WHY WE LIKE TOP QUARK ?

almost all top quark decays and production rates can be
evaluated by means of perturbation theory
• mt ≈ 175 GeV =⇒, t-quark properties are veryunusual
as compared to the light quarks(u, d, s, c, b)
• there are no top hadrons,M(tq̄) Λ(tqq), T (tt̄)

τlife(t) =
1

Γtot(≈ 1.5 GeV)
� τh ∼

1

ΛQCD(≈ 0.2 GeV)

hh ⇒ b

∆σ ∼ 50% D(z)

B

f(q2)

l±
ν
D

Uncertainty∼ ∆σ ⊗ D(z) ⊗ f(q2)

hh ⇒ t

∆σ ∼ 10%

l±

ν
W

b
Uncertainty∼ ∆σ

• only one observable decay channel,t → bW+,
all other SM top decays have very small probabilities

top quark is unique and powerful ’instrument’ for study of
SM physics as well as for search for manifestation of New
Physics beyond SM
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CURRENT EXPERIMENTAL STATUS

• production cross section
FNAL

√
s = 1.8 TeV

CDF σtt̄ = 6.5+1.7
−1.4 pb

D∅ σtt̄ = 5.9 ± 1.7 pb
< σtt̄ > = 6.2 ± 1.7 pb

theory σtt̄ = 4.8 ÷ 5.2 pb

• t–quark mass

CDF mt = 176.1 ± 6.6 GeV
D∅ mt = 172.1 ± 7.1 GeV
RPP-2000 mt = 174.3 ± 5.1 GeV

• differential distributions
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Ev
en

ts 
/ (

25
 G

eV
/c2 )

0

2

4

6

8

10

12

14

16

18

20

300 400 500 600 700 800 900 1000

_Reconstructed Mtt (GeV/c2)

X → tt
–
 Simulation

MX = 500 GeV/c2

Γ = 0.012 MX

Ev
en

ts 
/ (

25
 G

eV
/c2 )

-

CDF Data (63 events)

tt and W+jets Simulations (63 events)

W+jets Simulation (31.1 events)

_

0000000000000000000

0

250

500

400 600 800

0-2



• electroweak (single) top production

theory CDF D∅
W∗ qq̄′ → tb̄ σth = 0.75± 0.12 pb < 18 pb < 17 pb
Wg qg → q′tb̄ σth = 1.47± 0.22 pb < 13 pb < 22 pb
Wt gb→ tW σth = 0.15± 0.04 pb

• t–quark properties

Rb =
Γ(t→Wb)
Γ(t→Wq) = 0.99± 0.15

|Vtb| > 0.76 at 95% CL (3 generations)
> 0.80 at 90% CL

ΓWlong
= 55 +48

−53 % (70% theory)

• FCNCdecays:t→ cZ andt→ cγ

CDF B(t→ γ (c + u)) < 3.2 % (95% CL)
B(t→ Z (c + u)) < 33 % (95% CL)

LEP-2 B(t→ Z (c + u)) < 7 % (95% CL)

top production mechanism andt–quark properties are
in a well agreement with SM expectations

σtt̄(1.8 GeV) = 5.06 pb, σtt̄(14 GeV) = 830 pb

σLHC

σFNAL
≈ 160

LHC will be a top–factory machineNtt̄(100 fb−1) ∼ 108
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t t̄ pair production

g g → t t̄

q q̄ → t t̄

tt̄ pair productions cross section and inclusive distributions
are calculated atO(α3

s) and resummation of enhanced lead-
ing logarithms has been also performed
scale uncertainty (µR = mt/2, ..., 2mt)
givesδσtt̄(µR) ≈ 6%
PDF dependence ofσtt̄ is also studied,∆σ(PDF ) ≈ 10%

∆σtt̄

σtt̄

= 12%, ⇒ σtt̄(LHC) = 830 ± 99 pb

• an accurate determination of the top quark production cross
section provides an independent indirect determination ofmt

∆σ

σ
∼ 5

∆mt

mt
⇒ ∆σ ∼ 5%, → ∆mt ∼ 1% ≈ 2 GeV
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• pT andMtt̄ distributions are under good control

scale variation ⇒ 15%,
PDF choice ⇒ 10%

• non-QCD contributions, EW, SUSY EW, SUSY QCD,
all these contributions can enhancedσtt̄ by ∼ 10% close to
threshold

√
s ≥ 2mt, but after the convolution with PDF

their contributions to totaltt̄ rate become much smaller
for |σNLO

tt̄ − σLO
tt̄ |/σLO

tt̄ one has

SM (MH = 100 GeV) G2HDM SUSY EW SUSY QCD
2.5% ≤ 4% ≤ 10% ≤ 4%

• dσtt̄/dMtt̄ is sensitive to new heavy objects (Higgs,ηT )

• the measurement ofσtt̄ at LHC will be limited by the un-
certainty of the integrated luminosity,∼ 5 ÷ 10%
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top mass measurements

• semileptonictt̄ decays (Lars Sonnenschein)

δmt = (0.9 ÷ 1.3) GeV,δmt ≤ 0.7 %
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• dileptonictt̄ decays (R. Kaur, S.B. Beri, J.M. Kohli)

tt̄ → bW+b̄W− → e±µ∓ννbb̄

correlation betweenM(e µ) andmt =⇒ δmt ≤ 2 GeV

•mt from t → �J/ψX decays (A. Kharchilava )

t → bW+, W+ → �ν, b→ J/ψX,=⇒ t → �J/ψ

t̄ t W +W−

bb̄

j

j

µ+

ν

µ+

J/ψ

M(� J/ψ) is correlated tomt

	 µ in jet, p�(µ) > 4 GeV, |ηµ| < 2.4
	 isolated lepton,p�(�) > 15 GeV, |η�| < 2.4
	 µ from J/ψ, p�(µ) > 4 GeV, |ηµ| < 2.4
fitting maximum of theM(� J/ψ) spectrum with a Gaussian
typical statistical error onM(� J/ψ) is ≤ 0.5 GeV
=⇒ total error (stat.+syst.) isδmt ≤ 1 GeV

0-9



EW PRODUCTION OF TOP QUARK

• electroweak top-quark quarks production provides to inves-
tigate

	 structure ofWtb̄ vertex
	 value of CKM matrix elementVtb

	 search for New Physics

• Γtot = 1.53 GeV⇒ τ0 = 4.3 · 10−25 s
Γtot andVtb could not measured directly top decays

B(t → bW ) ⇒ |Vtb|2
|Vtd|2 + |Vts|2 + |Vtb|2 ≈ 1

on the other handσEW (top) ∝ |Vtb|2
• single top at LHC can be produced via three subprocesses

q
q′

W
t

b

q
q′

W
t

b

b
–

g

b

g
b W

t

q

q
–
′

W t

b
–

Wg fusion Wt W ∗
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σ(Wg) = 245± 30 pb

σ(tW ) = 60± 10 pb

σ(W
∗
) = 10± 1 pb

three channels of single top production have different sensi-
tivities to New Physics
• new heavy charged bosons (W ′,H+, ...) may increasetb̄ (
W ∗ channel) cross section

+

q

q̄′

t

b̄

W+

q

q̄′

t

b̄

W ′, H+

σ(W∗)New

σ(Wg)
>

σ(W∗)SM

σ(Wg)

•Wg channel sensitive to top couplings with other SM par-
ticles ( FCNC, etc )

+

t

W +

t

g, γ, Z

σ(W ∗)
σ(Wg)New

<
σ(W ∗)

σ(Wg)SM
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both CMS and ATLAS have investigated the possibility to
investigate all three channels

	 all three channels could be separated

	 basic uncertainty comes fromδ(σ(t)exp)

	 δ |Vtb| ≤ 5% could be achieved

Tevatron LHC
RUN I RUN II

δσ(tt̄) 27% 9% (5 ÷ 10)%

δmt 3% 1.5% 0.7%
δVtb – 13% 5%
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TOP QUARK DECAYS

perturbation theory can be used for description of top decays
(3 generations⇒ Vtb ≈ 1)

t
b

W+
q, l+

q̄, ν

in the SM the decayt→ bW is by far the dominant one

Γtot � Γ(t→ bW ) � 0.17GeV|Vtb|2
m3

t

M3
W

� 1.55 GeV

otherqW decay widths are very small (∼ |Vtq|2)
B(t→ sW ) = (1.23 ÷ 1.76) × 10−3

B(t→ dW ) = (0.16 ÷ 1.71) × 10−4

any experimental evidence for rare top-quark
process (production or decay) would be an in-
dication of a New Physics beyond SM
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• t→ bW H almost closed within SM
• t→ bW Z is very sensitive to the mass of top quark,
mt ≈ mb +mW +mZ

B(t→ bWZ) =

(
10.
5.4
3.4

)
× 10

−7
for mt =

{
179.
173.8
168.6

GeV

• t→ cW+W− is suppressed due to GIM mechanism,
for mj = 0 =⇒ ∑

j=d,s,b
VtjV

∗
cj = 0

t

W+ W−

b + s + d
c

	 new 4th generation may provide a significant contribution
toW+W−q decay mode,
for newb′-quark withmb′ = 100 (300) GeV

B(t→W+b′(→W−c)) ∼ 10−3(10−7)

• t→ cZ Z

B(t→ cZZ)SM ≈ 10−13
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• t→ jet + ‘isolated’ meson
t→ B q “exclusive” decays ( on-shellW ),B = Bd, Bs,Υ, χb

t B
b

q̄W

q

is very sensitive tofB(∼ Ψ(0)) and tomb/mB ratio

B(t→ Υq, χbq) ∼ 10−9

B(t→ B0(Bs)q) ∼ 10−6

• t→ bM “exclusive” decays (off-shellW ),M = π+,K+, D+, ...

t

M

b

q̄′W

q

B(t→ bπ) ∼ 10−8

B(t→ bDs) ∼ 10−7
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TOP QUARK ANOMALOUS INTERACTIONS

	 New Physics (beyond SM) can manifest itself by different
ways

• anomalousgtt̄ couplings

• anomalousWtb̄ couplings

• Flavour Changing Neutral Current (FCNC)

• new bosons (H±,W ′,WR, Z′, ηT , ρT , ...)

• extra dimensions, ...

different interactions could affect on the same observ-
able quantities
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top decays due to FCNC

• Flavour Changing Neutral(FCN) interactions with atop-
quark,t→ qV , q = u or c, V = g, γ, Z

t→ qg
t→ qγ
t→ qZ

are highly suppressed within the SM

t d, s, b c, u

W W

Z, γ

New Physics beyond the SM could increase the probability
of these processes

SM two-Higgs SUSY
B(t→ cg) 5 · 10−11 10−6 10−3

B(t → cγ) 5 · 10−13 10−6 10−5

B(t→ cZ) ∼ 10−13 10−9 10−4

• Current constraints

CDF : B(t→ cγ + uγ) < 3.2% (95% CL)

CDF : B(t→ cZ + uZ) < 33% (95% CL)

LEP2 : B(t→ cZ + uZ) < 7% (95% CL)
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two possibilities are considered for searches forFCNC

	 top quarks production due toFCN interactions
gu→ t, gu→ tg, gu→ tZ, uu→ tt, etc

	 rare top decays
t→ qg, t→ qγ, t→ qZ

• tt̄ pair production

pp → tt̄X, t→ qV, t→ bW (W → eν, µν)

at
√
s = 14 TeV,

∫ Ldt = 100 fb−1 , PDF CTEQ5L

• number of signal events (S) are calculated with

B0(t→ uV + cV ) = 1.0 × 10−3, V = g, γ, Z

’reachable’branching ratio fort→ qV decay is evaluated by
using the criterion

S√
S +B +

√
B

≥ 3σ

2
, (CL = 99%)
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• background process(
√
s = 14 TeV)

	 tt̄ (600 pb)

	 single top (240 pb)

	 W (→ e, µ) + jets (∼ 7500 pb for k̂� > 20 GeV)

	 WW +WZ + ZZ (110 pb)

	 W γ (17.3 pb)

• B-tagging CMSJET:
efficiency(B-tag)≈ 60%,
mistagging(C) ≈ 10%,
mistagging(q, g) ≈ (1 ÷ 2) %
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t → qγ decay

tt̄ → γ + l±+ ≥ 2jets

minimal signature (PRECUT)
	 one isolatedphotonwith E� ≥ 75 GeV, |ηγ | ≤ 2.5
	 one isolatedleptonwith P� ≥ 15 GeV, |ηL| ≤ 2.5
	 two jets withE� ≥ 20 GeV, |ηJ | ≤ 4.5

additional cuts
|M(j γ) −mt| ≤ 15 GeV, |M(j W ) −mt| ≤ 25 GeV, jet
veto: no additional jets withE� ≥ 30 (50) GeV
notB-jet in (j + γ) system andB-jet in (j +W )

number of events
signal bkg.

precut 6692 25252
all cuts 628 38

Breachable = 2.5 × 10−5
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t → qg decay

tt̄ → γ + l±+ ≥ 3jets

minimal signature (PRECUT)
	 isolatedleptonwith P� ≥ 15 GeV, |ηL| ≤ 2.5
	 three jets withE� ≥ 20 GeV, |ηJ | ≤ 4.5
	 oneB-tagged jet
additional cuts

|M(B W )−mt| and|M(j1 j2)−mt| ≤ 25 GeV
jet veto: no other jets withE� ≥ 20 (50) GeV

|M(B W )−M(j1 j2)| < 20 GeV

|�P�(B W ) + �P�(j1 j2)| < 20 GeV

P�(B W ) > 100 GeV

number of events
signal bkg.

precut 3559 4.0 × 106

all cuts 233 14762
Breachable = 1.6 × 10−3
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t → qZ decay

tt̄ → 3l±+ ≥ 2jets

minimal signature (PRECUT)
	 three isolatedleptonswith P� ≥ 15 GeV, |ηL| ≤ 2.5
	 two jets withE� ≥ 20 (50) GeV, |ηJ | ≤ 4.5
	 oneB-tagged jet
	 Z-boson with|Ml+l− −MZ | ≤ 15 GeV
additional cuts

|M(B W )−mt| and|M(Z j)−mt| ≤ 25 GeV

jet veto: no other jets withE� ≥ 20 (50) GeV

P�(Z) ≥ 75 GeV

number of events
signal bkg.

precut 143 35.2
all cuts 31 3.9
Breachable = 1.63 × 10−4
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Decays versus Production

FCNinteractions lead to several processes oft-quark produc-
tion
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• to compare withtopquark production processes we assume
that only one flavour (’up’ or ’charm’) contributes toFCN
interaction

decay production
t→ ug 1.6 × 10−3 (0.3 ÷ 5.) × 10−5

t→ cg 1.6 × 10−3 (2.1 ÷ 22.) × 10−5

t→ uγ 2.5 × 10−5 0.4 × 10−5

t→ cγ 2.5 × 10−5 3.5 × 10−5

t→ uZ 1.6 × 10−4 1.1 × 10−4

t→ cZ 1.6 × 10−4 4.8 × 10−4

FCNC summary

Run I Run II LHC
t→ qg – 6.× 10−4 1.× 10−5

t→ qγ 0.032 2.8 × 10−3 2.× 10−5

t→ uZ 0.33 1.3 × 10−2 1.5 × 10−4
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Expectations for charged Higgs in CMS

CDF + D∅ search for decayt → bH+, while at LEP-2 the
direct production ofH+H− is investigated

tan β

MH(GeV)

D0 + CDF D0 
+ 

CDF
B

+  →
 τ+  ν

b → s γ

LEP-2

• light charged Higgs (H±) with MH < mt −mb could be
discovered in top quark decays

p p → tt̄X, t(t̄) → H±b, H± → τ±ν

t → bW,W → ell±ν, t → bH±, H± → τν (S. Banerjee,
M. Maity)
two signatures: decreasing ofe+µ− pairs yield and increas-
ing e(µ)τ pairs production
for L = 30 fb−1 charged Higgs could be discovered for2 <
tanβ < 40 andMH+ ≤ 160 GeV
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for heavy charged Higgs,MH > mt we can study direct
production ofH±

g b→ tH±, gg → tb̄H± with H± → τ±ν, tb̄

qq̄′ → H+ → τν, tb̄

largest reach obtained inH+ → τν, τ → hadronic jet
thanks to theτ polarisation effects
• for any tanβ τ -leptons fromH± andW± decays have
opposite polarisations

LW ∝ ν̄ γα(1− γ5)τ LH ∝ ν̄ (1 + γ5)τ

W τL(← ) ⇒ νL(← )π ⇒ pπ � pτ , pν ∼ pτ

H τR(→ ) ⇒ νL(← )π ⇒ pπ ∼ pτ , pν � pτ

W/H separation,Rh = Eh
Eτjet
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•M(H±) could be determined from a fit toM� distribution

M� = 2P�τET mis(1 − cosφτ,ET mis)

however,�P (Jτ ) �= �p(τ), Jτ ≡ τ -jet

B.W.√
M2

H −M2
�

⇒ B.W.√
M2

H −M2
�

⊗ (τ → Jτ )

0
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• τ → jet can be described in terms offragmentation func-
tion D(z) with z = p�(Jτ )/p�(τ)

D(z) ∝ zα(z0 − z)λ ≈ z6.5(1.22 − z)3.5
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• gb→ tH± andgg → tb̄H±

with H± → τ±ν, tb̄

b

g

H−

t

g

g

H−

b̄

t
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event selection
τ selection: jet,E� > 100 GeV, |η| < 2.5 containing one
track withRh = ph/Ej > 0.8, ∆R(j, track) < 0.1
Emiss

� > 100 GeV
top quark→ 3jets, second top veto

0-30



0-31



• charged Higgs can be produced ins-channel process due to
annihilation of the light quarks

qq̄′ → H±, q(q′) = d, u, s, c, b

with H± → τντ

ντ

τ+

H+

ντ

τ+

W +

• cross section production,σ(qq̄′ → H±), has strong depen-
dence on the light quark masses

σ(q̄′ → H±) ∝ (m2
u cot2 β +m2

d tan2 β)

• RPP values formq are used

md = 9 MeV ms = 150 MeV mb = 4.8 GeV
mu = 5 MeV mc = 1.25 GeV

•MH = 200 ÷ 400 GeV andtanβ = 50

σ(pp→ H± → τνX) ≈ 5 pb at MH = 200 GeV
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• cross section production (LO + NLO calculations)
for tanβ = 50

10
-1

1

10

150 200 250 300 350 400 450 500

σ(
pb

)

√s = 14 TeV

p p → H± X

p p → H± X,   H± → τ± ν

MH (GeV)

for tanβ > 10 andM(H) > mt one has
B(H± → τ±ν) = const⇒ σ(H± → τν) ∝ tan2 β
for tanβ > 10 ⇒ tanβ ∝ √

NS for fixedM(H)
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• most important background comes from

qq̄′ →W± → τν, σ(W ) ≈ 2.4 × 104 pb

• signal/background separation

	 explicitly oneτ -jet,ET τ > 50 GeV |η| < 2.0
Rcone = 0.4, rE = 0.15, only one charged prong
with Eprong > 10 GeV,(E+H)0.15/(E+H)0.4 >
0.92,E0.15/E0.4 > 0.92,H0.14/E0.15 > 0.1

	 Rh = Eprong/Eτ > 0.80

	 no additional hadronic jets withE� > 20 GeV

	 ET mis > 50 GeV

M� = 2P�(J)ET mis(1 − cosφτET mis)

M� ≥ 100 GeV,
∫
Ldt = 30 fb−1

MH , input 200 250 300 400 Bkg.
Nev 1627 344 129 35 1756

NS√
NS+NB

28 7.5 3.0 0.83
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large number of signal events(∼ 102) gives the possibility to
determineMH from a fit toM�-distribution with a function

F0

∫
D(z)dz

√
M2

fit −M2
�

whereD(Z) is theτ → jet fragmentation function

and the backgroundM�-distribution is parametrized by

exp(a0 + a1M� + a2M
δ
�)
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	M(H) measurement
Mfit and thesignalandbackgroundnormalisations are con-
sidered as free parameters
fit results:NB(fit) = 1694, whileNB(gen) = 1756

MH Mf Ngen
S

Nfit
S

N
fit
S√

N
fit
B

+N
fit
S

200 202.± 2.1 1627 1444 25.8
300 305.± 20. 128 115 2.7
400 392.± 42. 35 41 1.0
bkg. 1756 1694
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	 tanβ measurement
tanβ can be obtained from the fit results,MH

fit andNS

σ(H±) ∝ tan2 β =⇒ tanβ ∝
√
NS(fit)

for M(H) = 200 GeV

tanβ 50 40 30

Mfit 201 ± 2 203 ± 3 205 ± 5

tanβfit 48.3 ± 2.6 39.3 ± 4.1 31.3 ± 5.2

tanβ 20 15

Mfit 212 ± 13 222 ± 28

tanβfit 19.8 ± 7.6 16.2 ± 10.6
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expected measurement errors (statistical only)
for MH = 200 GeV

δMH ≤ 6% for tanβ > 15
δ tanβ = (5 ÷ 65)% for tanβ15 div50
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• expected discovery limit

NS√
NS +NB

≥ 5
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• charged Higgs contribution into t̄b production

qq̄′ → H∗(W ∗) → tb̄

q1

q̄2

t

b̄

+

q1

q̄2

W+

t

b̄

H+
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tan β
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p� andη-distributions of top quark and its decay products
resulted fromW (SM) andH± exchange have similar shapes
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Conclusions

• top quark production and decay processes could be in-
vestigated in CMS with high precision

• top mass could be measured with∼ 0.7% errors

• cross section fortt̄ pair production could be measured
with ∼ 10% accuracy

• CMS sensitivity for|Vtb| is δ|Vtb| ∼ (5 − 10)%

• top production would provide much better constraints
on FCN top-gluon coupling,B(t→ qg) ∼ 10−5

• searches for rare processes with top quark (decayst→
qγ, t → qZ and production) make possible to reach
B(t → qγ) ∼ 2.5 × 10−5 and B(t → qZ) ∼
1.5 × 10−4

• heavy charged Higgs could be discovered in CMS in
a large part of the parameter space
(for tanβ ≥ 10 and up toM+

H ∼ 500 GeV

• largest reach and an almost background-free signal
could be obtained withtH+ production,H+ → τν,
τ → hadrons,t→ qq′b

• mass determination in the expected discovery range
possible with
≤ 2% precision forgb→ tH,H → τν
≤ 6% precision forqq̄′ → H → τν
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